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Abstract—Power supply circuits used for example to power a 
high performance electronics systems and modern processors 
have to keep the supply system stable despite rapid changes of 
power consumption. For this reason, the choice of the correct 
transfer function parameters of digital control system in power 
stage of the converter is particularly important. The study 
proposes a method of shaping the transfer function of digital 
control circuit providing effective suppression the output voltage 
fluctuations when responding to load changes. The method of 
choosing the transfer function parameters of digital control 
circuit is shown on the example of the Buck converter controlled 
by voltage-mode CCM (Continuous Conduction Mode). 

Keywords—Buck converter; power supply; CCM, digital 
control 

I. INTRODUCTION 

Buck converters are widely used in various types of 
electrical equipment supply systems because of its high power 
efficiency, small size and low weight. An important parameter 
of such converters is the capability to maintain a constant 
voltage level on the output despite variations in input voltage 
or load [1–4]. The following methods may be used to output 
voltage level stabilization: voltage mode (VCM), current mode 
(CCM) [5–7] or other methods to control of converter [8–19]. 
The paper presents modeling of transfer function Hs for the 
digital control circuit of Buck converter using an analog 
prototype [20–24]. There are also alternative ways of choosing 
this transfer function [25–28]. 

The transfer function Hs of digital control circuit was 
chosen for Texas Instruments TMDSC2KWRKSHPKIT 
Development Board, taking into account parameters of the 
following blocks: converter power stage, voltage divider, anti-
aliasing filter, propagation delays caused by implementation of 
the control algorithm in a TMS320F28xxx processor. Issues 
related to the resolution of ADC (Analog to Digital Converter) 
and DPWM (Digital Pulse Width Modulation) [29] are omitted 
in the paper. 

II. THE POWER STAGE OF BUCK CONVERTER 

Equivalent Circuits of Buck converter power stage is 
presented in Fig. 1 [30]. Small signal model was used to 
describe Buck converter power stage with regard to influence 
of output conductance variations on output voltage level  
[30–32]. The advantage of this model is, among other things, to 

simplify the designation of the transfer function of the control 
block, because there is no need to use the converter output 
impedance [32].  

 

 
Fig. 1. Equivalent circuits of the power stage of buck converter. 

The list of the abbreviations or symbols that are used in the 
paper:  

da – small signal component of PWM-signal 

vg – small signal component of PWM-signal 

gt – small signal component of converter load conductance g 

vo – small signal component of output voltage - vo 

Hd – transfer function describing the influences of da on vo 

Hg – transfer function describing the influences of gt on vo 

Hr – transfer function describing the influences of gt on vo  

The exact description of the use small signal model for 
shaping the transfer function of analog control circuit of Buck 
converter is shown in the work [33]. The following coefficients 
are important: 

fr – resonant frequency of small signal model of power stage of 
Buck converter, which determines the location of the poles of 
transfer function Hd in the frequency domain [34–36] 

fESR – The frequency corresponds to the position zero of the 
transfer function Hd in the frequency domain. Its value is 
determined by the parasitic capacitance and series resistance of 
capacitor in the power stage of converter [34–36] 

fPWM – Switches in the converter power stage are switched at a 
constant frequency fPWM . This is the cause of distortion of the 
control system to which the control system should not respond 
of PWM-signal [37]. 
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The one of following equation is fulfilled [34]: 

 ݂ ≪ ா݂ௌோ ൏ ݂ௐெ (1)

 ݂ ≪ ݂ௐெ ൏ ா݂ௌோ (2)

III. VOLTAGE MODE CONTROL 

Voltage mode control of buck converter is general method 
for stabilizing output voltage [34–36]. The advantages of this 
method are: high effectiveness of output voltage stabilizations 
and accuracy, and also ease of hardware implementation. Small 
signal model of Buck converter with voltage mode control is 
presented in Fig. 2.  

 

Fig. 2. Small signal model of Buck converter with voltage mode control. 

Hs – transfer function of the control block 

HM – transfer function of the digital PWM 

Hvo – transfer function of the voltage divider, anti-aliasing 
filter (serial connection) 

The small signal model describes the main control block of 
Buck converter as presented earlier in this paper [30–32]. 
PWM modulator generates a signal to control power stage of 
converter. The operating of the PWM modulator is described 
by the transfer function HM containing the ideal delay [20, 21, 
24, 26, 38, 39]: 

 H ൌ ݁ି௦∙௧ௗ (3)

where 

td – total delay introduced by the digital circuit 

Desired closed-loop characteristics is achieved by shaping 
open loop transfer function HOL, using Bode plots. The transfer 
function HOL is given by the equation: 

 H ൌ Hୱ ∙ H ∙ Hୢ ∙ H୴୭ (4)

where 

Hs – the transfer function of the control circuit 

HM – the transfer function of the PWM 

Hd  – the transfer control function of the converter power stage 

Hvo – the transfer function of the voltage divider with anti-
aliasing filter 

Stabilization of the output voltage is effective if following 
inequality will be satisfied [35, 36]: 

 |H| ≫ 1 (5)

 Using transfer function HOL to find the transfer function of 
control circuit Hs it should be considered that inequality (5) can 
be fulfilled only for frequencies less than ~ 0.5 fs. Otherwise, 
the control circuit would be sensitive to the noise generated by 
the power stage of converter (switching noise). The value of 
the frequency fc for which the equation (6) is satisfied should 
be as large as possible, then the control circuit is more 
responsive to changes in the output voltage. The method used 
to evaluate stability and shape of the transfer function HOL of 
the control circuit are given in the papers [35, 36]. 

  |Hሺ ݂ሻ| ൌ 1 (6)

IV. SHAPING OF THE TRANSFER FUNCTION HS  
OF CONTROL CIRCUIT 

Transfer function of control circuit has to maintain the 
output voltage constant irrespective of vg and gt changes. 
Usually, for practical and economical reasons, and also due to 
the properties of transfer function Hd of main converter block, 
preferred embodiment of transfer function having two zeros 
and three poles, which is referred to as “type III” in the 
literature [20, 21, 24, 34–36]. The type III has the form: 

 Hୱଶଷ୮ ൌ ௗܭ ∙
ሺ௦ି௭భሻ∙ሺ௦ି௭మሻ

ሺ௦ିభሻ∙ሺ௦ିమሻ∙ሺ௦ିయሻ
 (7)

All zeros and poles real of Hs2z3p are real. Pole p1 is always 
placed at zero. It introduces the function of integration enables 
a steady state to ensure that vo is the value vref. Zero z1 and z2 
are designed to compensate for the phase shift introduced by 
the transfer control function poles Hd, and the integral 
component Hs - pole p1. The phase changes caused by the poles 
of the transfer functions. The aim is to satisfied inequality (5) 
for the largest possible frequency range. 

To find the transfer function of control the research should 
start from a distribution of zeros and poles function Hs2z3p in 
Laplace domain so that they satisfied following equations in 
the frequency domain: 

 ݂ଵ ൌ 0 

 ௭݂ଵ ∈ 〈0.6 ∙ ݂, 0.9 ∙ ݂〉 

 ௭݂ଶ ∈ 〈2 ∙ ݂, 5 ∙ ݂〉 (8)

 ݂ଶ ≅ ா݂ௌோ 

 ݂ଷ ∈ 〈0.5 ∙ ா݂ௌோ, 0.9 ∙ ݂ௐெ〉 

where 

fpx – the frequency corresponding to the position of the pole px 

fzy – the frequency corresponding to the position of the zero zy 

 

The kdc coefficient value of transfer function Hs2z3p is 
chosen so that |HOL|=1 for the assumed value of the frequency 
fc satisfying the condition of fc << fPWM. If fESR > fPWM then fP3 
should be placed in the range <0.5fPWM, 2fESR> [34].  
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To improve the ability to reduce impact vg and gt on vo, 
according to the authors should be considered properties of 
functions Hg and Hr. 

The modulus value of the function Hr presented in Fig. 3 
shows that for decreasing influence of gt on vo is most 
important to have such a properties of HOL: 

 as large as possible maximum |HOL| close to the value fr 
 area under the |HOL| curve should be the greatest for 

frequency range < 0.5 fr , fc > as possible 
 the value of fc should be as large as possible 
 

This will improve reducing influence of vg to vo. 
Comprehensive explanation this recommendation was 
presented in [33]. The use of a digital PWM and an anti-
aliasing filter makes it necessary to application an extra zero of 
transfer function of analog prototype, function Hs3z3p has 3 
zeros and 3 poles. Additional zero of function Hs3z3p is 
designed to compensate for the phase shift which is caused by 
the use of digital modulator, an anti-aliasing filter, etc. 
Additional zero should be placed in the frequency range (fr, 
fPWM) [27]. In Fig. 4 is presented the transfer function of power 
stage of Buck converter for analog control circuit, and also 
transfer function Hdall for digital control circuit. Function Hdall 
includes properties of digital modulator and anti-aliasing filter. 
[21, 39]. 

 
Fig. 3. Bode plots for function Hr and Hg. 

The use of Bode plots for transfer function Hdall to evaluate 
stability of the converter and the effectiveness of maintaining 
the output voltage at a constant level. Accurate information 
about the changes output voltage vo due to changes vg and gt 
requires finding the response of the circuit in the time domain. 
If the changes vo are too big we should to relocate zeros and 
poles of the transfer function Hs, once again. If the changes vo 
are at an acceptable level than design of function of analog 
prototype is finished. The transfer function of digital control 
circuit is obtained by transformation (bilinear, matched) of 
transfer function Hs of analog circuit. 

 
Fig. 4. The transfer functions Hd of power stage and function Hdall 
(equivalent Hd for digital control) 

 

V. MODELING AND SIMULATION OF BUCK CONVERTER 

Simulation of the proposed model was performed in 
MATLAB/SIMULINK and Simscape. The digitally-controlled 
buck converter – Texas Instruments TMDSC2KWRKSHPKIT 
Development Board was used to verify the proposed method of 
finding the transfer function of control circuit.  

According to the documentation of the Development 
Board, it was assumed that equivalent circuit parameters are: 

L = 10 µH, RL = 42.4 mΩ, C = 726 mF, RC = 40 mΩ,  
G = 1/7.5 S 

RK1ON = 5 mΩ, RK2ON = 1.1 mΩ (drain to source resistance in 
ON state) 

fs = 300kHz, UG = 9V, DA = 0.5 

Design assumptions: 

PM = 45°, fc = 0.1 fPWM,  

td = 0.5/fPWM (the delay introduced by the digital control circuit) 
[20, 23, 39] 

Test signals: 

step change in the voltage vg – 0.35 * UG 

step change in the load gt – ½ S 

Effects of zeros and poles locations for analog prototype is 
shown in the three examples. For all the transfer functions Hs 
of control circuits, transfer function HOL has the same value of 
frequency fc. In order to show the importance of authors' design 
recommendations in one case transmittance Hs3z3p was used 
instead of transmittance Hs2z3p. As a result, it was possible to 
further increase the maximum value of HOL close to the 
resonance frequency fr of the power stage of Buck converter. 
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Fig. 5. The transfer functions HOL of analog prototypes Hs 

 
Fig. 6. The transfer function Hgsz - attenuation of vg 

 
Fig. 7. The transfer function Hrsz - attenuation of gt 

 

 
Fig. 8. The response of the converter to a step change of vg 

 
Fig. 9. The response of the converter to a step change of gt 

 

VI. CONCLUDING REMARKS 

In the paper authors proposed method of using an analog 
prototype to find transfer function of digital control block of 
Buck converter. Presented research confirmed that authors' 
design recommendations make possible to reduce the influence 
of changes in the load of the converter on the output voltage. 
This is confirmed by the Bode plots, Fig. 6, Fig. 7 and time-
domain plots Fig. 8, Fig. 9. The method of analog prototype 
requires taking into account the properties of the digital PWM 
modulator, an anti-aliasing filter, the divider of output voltage, 
etc. - Fig. 2. Typically, function type III (Hs2z3p) is used to 
design the transfer function of analog prototype of control 
circuit. As shown in the examples of design using the function 
containing one zero more (Hs3z3p) allows to suppress influence 
of changes in supply voltage vg and load of converter gt on 
change the output voltage vo. 

 

482



REFERENCES 
[1] L. Ibarra, H. Bastida, P. Ponce, A. Molina, „Robust control for buck 

voltage converter under resistive and inductive varying load”, 2016 13th 
International Conference on Power Electronics (CIEP), 2016, pp. 126–
131. 

[2] K. Sato, T. Sato, M. Sonehara, „Transient response improvement of 
digitally controlled buck-type dc-dc converter with feedforward 
compensator”, 2015 IEEE International Telecommunications Energy 
Conference (INTELEC), 2015, pp. 1–5. 

[3] U. Nasir, Z. Iqbal, M. T. Rasheed, M. K. Bodla, „Voltage mode 
controlled buck converter under input voltage variations”, 2015 IEEE 
15th International Conference on Environment and Electrical 
Engineering (EEEIC), 2015, pp. 986–991. 

[4] C. Zhang, J. Wang, S. Li, B. Wu, C. Qian, „Robust control for PWM-
based DC-DC buck power converters with uncertainty via sampled-data 
output feedback”, IEEE Trans. Power Electron., vol. 30, no. 1, pp. 504–
515, 2015. 

[5] Allegro MicroSystems, „Valley Current Mode Control Buck Converter 
A4403 Valley Current Mode Control Buck Converter”. Allegro 
MicroSystems, pp. 1–15. 

[6] S. Chattopadhyay, S. Das, „A Digital Current-Mode Control Technique 
for DC&amp;ndash;DC Converters”, IEEE Trans. Power Electron., vol. 
21, no. 6, pp. 1718–1726, 2006. 

[7] J. Li, „Current-Mode Control: Modeling and its Digital Application”, 
2009. 

[8] V. Yousefzadeh, A. Babazadeh, B. Ramachandran, L. Pao, D. 
Maksimovic, E. Alarcon, „Proximate time-optimal digital control for 
DC-DC converters”, PESC Rec. - IEEE Annu. Power Electron. Spec. 
Conf., vol. 23, no. 4, pp. 124–130, 2007. 

[9] J. Kaczmarek, A. Mazurek, „Measurement results of buck converter 
prototype digitally controlled by algorithm using law of conservation of 
energy - project Bumblebee”, 2008 15th International Conference on 
Mixed Design of Integrated Circuits and Systems, 2008, pp. 525–530. 

[10] J. Kaczmarek, A. Mazurek, „New Concept of DC/DC Converters Digital 
Control Based on Law of Conservation of Energy - Project Bumblebee”, 
2007 14th International Conference on Mixed Design of Integrated 
Circuits and Systems, 2007, pp. 586–591. 

[11] J. Kaczmarek, „Small-signal model of bumbleBee output voltage 
controller for DC/DC converter”, Mix. Des. Integr. Circuits Syst. 2009. 
Mix. ’09. Mix. Int. Conf., pp. 571–576. 

[12] J. Kaczmarek, A. Mazurek, „Compensation of Calculations Duration on 
Converters Output Voltage in Digitally Controled Converters Based on 
Law of Conservation of Energy - Project Bumblebee”, 2007 14th 
International Conference on Mixed Design of Integrated Circuits and 
Systems, 2007, pp. 412–417. 

[13] J. Kaczmarek, „Small-signal model of BumbleBee output voltage 
controller for DC/DC Converter. Stability analysis of BumbleBee 
method”, Przeglad Elektrotechniczny, vol. R.86, no. 11a, pp. 232–236, 
2010. 

[14] D. Saifia, M. Chadli, S. Labiod, H. R. Karimi, „H-infinity Fuzzy Control 
of DC-DC Converters with Input Constraint”, Math. Probl. Eng., vol. 
2012, no. October, pp. 1–18, 2012. 

[15] F. Su, W. Ki, C. Tsui, „An Ultra Fast Fixed Frequency Buck Converter 
with Maximum Charging Current Control and Adaptive Delay 
Compensation for DVS Applications”, 2007 IEEE Symposium on VLSI 
Circuits, 2007, vol. 43, no. 4, pp. 28–29. 

[16] S. Mariethoz, S. Almer, M. Baja, A. G. Beccuti, D. Patino, A. Wernrud, 
J. Buisson, H. Cormerais, T. Geyer, H. Fujioka, U. T. Jonsson, C.-Y. K. 
C.-Y. Kao, M. Morari, G. Papafotiou, A. Rantzer, P. Riedinger, 
„Comparison of Hybrid Control Techniques for Buck and Boost DC-DC 
Converters”, IEEE Trans. Control Syst. Technol., vol. 18, no. 5, pp. 
1126–1145, 2010. 

[17] J. W. Kimball, P. T. Krein, Y. Chen, „Hysteresis and Delta Modulation 
Control of Converters Using Sensorless Current Mode”, IEEE Trans. 
Power Electron., vol. 21, no. 4, pp. 1154–1158, 2006. 

[18] T. Geyer, G. Papafotiou, M. Morari, „On the Optimal Control of Switch-
Mode DC-DC Converters”, Hybrid Systems: Computation and Control, 
2004, pp. 342–356. 

[19] A. Babazadeh, D. Maksimovic, „Hybrid Digital Adaptive Control for 
Fast Transient Response in Synchronous Buck DC-DC Converters”, 
IEEE Trans. Power Electron., vol. 24, no. 11, pp. 2625–2638, 2009. 

[20] S. Choudhury, „Designing a TMS320F280x based digitally controlled 
dc-dc switching power supply”, Texas Instruments Application Report 
SPRAAB3. 2005. 

[21] S. Choudhury, „Designing the digital compensator for a UCD91XX-
based Digital power supply”, Texas Instruments, 2007. 

[22] K. Northrup, „UCD9240 Digital Point of Load System Controller 
Product Configuration Guide”, Texas Instruments, no. December. pp. 1–
13, 2008. 

[23] S. Raghunath, „Digital Loop Exemplified”, Texas Instruments 
Application Report, no. December. Texas Instruments, pp. 1–20, 2011. 

[24] Texas Insturments, „Using the UCD92xx Digital Point-of-Load 
Controller Design Guide - SLUU490”, Texas Insturments. 2011. 

[25] A. Prodic, D. Maksimovic, R. W. Erickson, „Design and implementation 
of a digital PWM controller for a high-frequency switching DC-DC 
power converter”, IECON’01. 27th Annual Conference of the IEEE 
Industrial Electronics Society (Cat. No.37243), 2001, vol. 2, no. C, pp. 
893–898. 

[26] A. Prodić, D. Maksimović, „Design of a digital PID regulator based on 
look-up tables for control of high-frequency DC-DC converters”, 2002 
IEEE Workshop on Computers in Power Electronics, 2002, pp. 18–22. 

[27] T. Takayama, D. Maksimović, „Digitally controlled 10 MHz monolithic 
buck converter”, 2006 IEEE Work. Comput. Power Electron., pp. 154–
158, 2006. 

[28] M. M. Peretz, S. Ben-Yaakov, „Time-Domain Design of Digital 
Compensators for PWM DC-DC Converters”, IEEE Trans. Power 
Electron., vol. 27, no. 1, pp. 284–293, 2012. 

[29] H. Peng, A. Prodic, E. Alarcon, D. Maksimovic, „Modeling of 
Quantization Effects in Digitally Controlled DC-DC Converters”, IEEE 
Trans. Power Electron., vol. 22, no. 1, pp. 208–215, 2007. 

[30] W. Janke, „Equivalent circuits for averaged description of DC-DC 
switch-mode power converters based on separation of variables 
approach”, Bull. Polish Acad. Sci. Tech. Sci., vol. 61, no. 3, pp. 711–
723, 2013. 

[31] W. Janke, „Averaged models of pulse-modulated DC-DC power 
converters. Part II. Models based on the separation of variables”, Arch. 
Electr. Eng., vol. 61, no. 4, pp. 633–654, 2012. 

[32] W. Janke, M. Bączek, M. Walczak, „Output characteristics of step-down 
(Buck) power converter”, Bull. Polish Acad. Sci. Tech. Sci., vol. 60, no. 
4, pp. 751–755, 2012. 

[33] J. Kaczmarek, „Przetwornica Buck sterowana metodą napięciową - 
dobór transmitancji analogowego układu sterowania”, Zeszyty Naukowe 
Wydziału Elektroniki i Informatyki Politechniki Koszalińskiej., vol. 10. 
pp. 95–118, 2016. 

[34] M. Qiao, P. Parto, R. Amirani, „Application Note AN-1043 Stabilize the 
Buck Converter with Transconductance Amplifier”, International 
Rectifier. 2002. 

[35] R. W. Erickson, Fundamentals of power electronics, 2nd ed. Norwell 
Mass.: Kluwer Academic Publishers, 2001. 

[36] M. Kazimierczuk, Pulse-width modulated DC-DC power converters, 
First Edit. A John Wiley and Sons, Ltd, Publication, 2008. 

[37] W. H. Lei, T. K. Man, „AND8143/D A General Approach for 
Optimizing Dynamic Response for Buck Converter”, ON 
Semiconductor. 2004. 

[38] A. Prodić, D. Maksimović, R. W. Erickson, „Design and implementation 
of a digital PWM controller for a high-frequency switching DC-DC 
power converter”, IECON’01. 27th Annual Conference of the IEEE 
Industrial Electronics Society, 2001, vol. 2, pp. 893–898. 

[39] D. Maksimovic, R. Zane, „Small-signal Discrete-time Modeling of 
Digitally Controlled DC-DC Converters”, 2006 IEEE Workshops on 
Computers in Power Electronics, 2006, no. 1, pp. 231–235. 

483


